While the technological progress of Next Generation Lithography (NGL) steadily continues, further progress is required before successful insertion in high volume manufacturing is possible. A key issue is the development of new resists suitable to achieve higher lithographic resolution with acceptable sensitivity and line edge roughness. Molecular resists have been a primary focus of interest for NGL because they promise high resolution and small line edge roughness (LER), but no suitable resist candidate has emerged yet that fulfills all of the industry's criteria. We have previously shown first extreme ultraviolet lithography (EUVL) exposures for a new fullerene derivative based three-component negative tone chemically amplified resist with suitable properties close to or within the target range of the resist metrics as set out in the International Technology Roadmap for Semiconductors for 2016. Here we present the results of our efforts to optimize the EUVL performance of our resist system especially with regards to LER.
INTRODUCTION
With the advancement in next generation lithography (NGL) technology continuing, the progress in patterning capability is increasingly being limited by the lithographic performance of the photoresist. Current lithographic nodes already require linewidth roughness that is smaller than the radius of gyration of typical resist polymers [1] . Further progress in the development of new resists is needed to enable the commercial production of semiconductors at the sizes mapped for the future. Low molecular weight resists, such as fullerenes [2] , triphenylenes [3] , molecular glasses [4] and inorganic resists [5] , have been a focus of interest for NGL because their small size promises high resolution and small line edge roughness (LER). But so far no resist candidate has emerged that fulfills all the industry's criteria. We have previously reported on first results of a new fullerene derivative based three-component negative tone chemically amplified resist for EUVL [6] . Here we present the results of a study on the influence of the process parameters on the EUVL performance of our fullerene derivative based resist system. Particular focus was placed on the correlation between process conditions and LER.
-1 %) to form a hydrophobic surface, and finally a further 1-minute rinse in flowing DI water. They were then dried with nitrogen and used immediately for spin coating.
Resist formulation was done by mixing the fullerene derivative with a crosslinker and a photo acid generator at various ratios and concentrations in ethyl lactate. A fullerene containing underlayer has been developed that is pre-coated onto the chips to provide a suitable surface for resist spinning. After spin coating the samples received a post application bake. All exposures were performed using the XIL-II interference lithography tool at the Paul Scherrer Institute (PSI), Switzerland [7] . After exposure the samples received a post exposure bake and were then developed in suitable solvents.
Exposed samples were analyzed with a Zeiss Supra scanning electron microscope (SEM) in top-down view. Critical dimension (CD) and LER were calculated from the SEM images with the commercial software package SUMMIT. As the XIL tool does not allow direct measurement of the dose at the wafer, the exposure dose was measured with respect to an internal PSI reference resist calibrated against exposures of the same resist at the Intel MET [8] .
RESULTS
In order to optimize the performance of our fullerene resist, we have undertaken an extensive study to find a set of process conditions that reduce the LER of the patterns. For optimization both the preparation of the resist and the resist processing was included. Care was taken to hold all other conditions constant for each parameter so that no two conditions were varied at the same time to avoid combinatorial overlap. But the system could not be fixed for all parameters, so that between different parameters the conditions might have changed (for example the fullerene derivative or the developer).
Resist Formulation
In this section the effect of the individual components of the resist material on the patterning performance was investigated. As it is a blended system, the constituents can be interchanged for different versions effortlessly without any additional chemical synthesis. The photo acid generator (PAG), triphenolsulfonium hexafluoroanimonate, was not changed, as from previous experiments it was seen to be the best choice for our system. The PAG loading level however was subjected to study.
Fullerene Derivative
The fullerene derivative version is still the most dominant factor for the patterning quality of the resist. As shown in figure 1 different variants show differences in photo speed and LER. The overall chemical structure of the derivative itself is the same in these variants, but modifications in the synthetic route yield widely varying patterning behavior. The chemistry of functionalizing the fullerenes is complex and challenging. Starting material, reaction byproducts and residues can be present after the reaction, so material purification is required. This is typically done with chromatography. Work to improve the synthesis is still ongoing and new versions are constantly created. Since the resist is an epoxy-based system, a comparison of the material without the fullerene derivative was conducted. It was seen that for the epoxy-only resist, the patterning quality was low and resolution limited to about 70 nm pitch with some modulation at 50 nm pitch. The addition of the fullerene derivative resulted in much improved patterning with examples shown in figure 2. For this study primarily features of 22 nm half pitch were analyzed as the data set at this resolution is much broader. However, the resist is capable of higher resolution ( figure 3 ). An issue, which we observe here at smaller features, is a kind of pattern collapse. But it is not related to mechanical instability, as the aspect ratios are low. The lines start to snake and wiggle which we attribute to swelling. This presents the biggest challenge for our material to pattern with low LER at high resolution, as the analysis software translates this into higher numerical values while the lines themselves actually appear smooth. It is therefore a primary focus of the study to reduce the impact of this phenomenon. In the first instance the loading of PAG was decreased in anticipation of patterning improvement. If a high sensitivity material is chosen, a reduction of PAG should drive it toward a slower resist trading of sensitivity for LER. However we observe an immediate degradation in patterning quality ( figure 6 ). In the next step a complete formulation analysis was undertaken. The fullerene amount was fixed and the proportions of crosslinker and PAG varied according to a statistical design matrix. We find that best results are achieved with a mixing ratio close to 1:2:1 ( figure 7 ). The concentration of the resist solution was also investigated. With the spin speed fixed this leads to different film thicknesses and has an effect on the resulting patterns (figure 8). As mentioned earlier, the aspect ratio is not the critical issue here. The reduction in resist volume might be responsible for the suppression of snaking in the 15 g/L solution, while 10 g/L yielded a film too thin to pattern properly. 
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